Drug-induced liver injury (DILI) is a major safety concern; it occurs frequently; it is idiosyncratic; it cannot be adequately predicted; and a multitude of underlying mechanisms has been postulated. A number of experimental approaches to predict human DILI have been proposed utilizing in vitro screening such as inhibition of mitochondrial function, hepatobiliary transporter inhibition, reactive metabolite formation with and without covalent binding, and cellular health, but they have achieved only minimal success.
Introduction
Drug-induced liver injury (DILI) remains a major safety concern "due to its frequency of occurrence, idiosyncratic nature, poor prognosis, and multiple underlying mechanisms. Numerous experimental approaches have been published to improve human DILI prediction with modest success", as noted by Shah et al. 1 Idiosyncratic DILI (IDILI) is very complex. Most IDILI appears to be immune mediated, and reactive metabolites appear to be involved in most, but not all IDILI. Reactive metabolites are widely accepted as playing a pivotal role in the pathogenesis of idiosyncratic adverse drug reactions. While there are today well-established strategies for the risk assessment of stable metabolites within the pharmaceutical industry, there is still no consensus on reactive metabolite risk assessment strategies. 2 This is due to the complexity of the mechanisms of these toxicities as well as the difficulty in identifying and quantifying short-lived reactive intermediates such as reactive metabolites. In addition, there are probably several mechanisms by which a drug or reactive metabolite can induce an immune response. However, one might anticipate that new long-lived hepatocytes (i.e., liver-on-a-chip) might be better able to evaluate these conditions. Across the pharmaceutical industry, systems of screening drug candidates have emerged that include transcriptomic profiling of animals in addition to animal pathology, assessment of covalent binding and glutathione (GSH) adducts in microsomal test systems and in vivo, inhibition of bile salt export pump (BSEP) in vitro, impairment of function of isolated animal mitochondria, and cell stress responses and viability in human hepatoma and hepatocyte culture systems. Several common themes emerge in all these test systems especially involving oxidative stress, mitochondrial impairment, covalent binding, and endoplasmic reticulum stress. It has been proposed that these test systems have moderately strong predictive value for IDILI, [3] [4] [5] which we evaluate here. Others have examined combinations of mechanistic assays to better predict hepatotoxicity potential, 2,6 also evaluated here. Several studies have shown a correlation of total administered dose alone 7 or in combination with drug lipophilicity 8 with higher risk of DILI. However, it would be best to have a predictive DILI methodology early in drug development, long before the clinical dose is known.
Since liver injury has been reported with a large number of drugs, efforts have been undertaken to compile human hepatotoxicity data, including the National Institute of Health LiverTox Database 9 and the FDA Liver Toxicity Knowledge Base (LTKB). 10 These publicly available datasets have enabled development of new structure activity relationships for hepatotoxicity endpoints or triggered the development of knowledgebased and quantitative structure activity relationship (QSAR) models. 1, 11, 12 We have reviewed the applicability of the Biopharmaceutics Drug Disposition Classification System (BDDCS) compared with presently proposed predictive procedures in evaluating DILI toxicity. Since its inception, the BDDCS has been useful in drug discovery for predicting routes of elimination, oral drug disposition, food effects on drug absorption, transporter effects on drug absorption, and potentially clinically significant drug interactions that may arise in the intestine, liver and brain. 13 We have shown that the BDDCS can be useful in predicting the potential for antiepileptic drugs to cause cutaneous adverse reactions 14 and in predicting DILI. 15 Most recently, we have shown that in vitro measures of BSEP inhibition, alone and together with other efflux transporters, provides no better prediction of DILI than just avoiding BDDCS class 2 drugs. 16 BDDCS's strong relationship between dose, metabolic susceptibility, solubility and idiosyncratic DILI highlights the potential benefits of BDDCS as a comparison matrix for DILI prediction.
The BDDCS was developed in 2005 after Wu and Benet recognized that highly permeable compounds, as outlined by the Biopharmaceutics Classification System (BCS), were extensively metabolized, while poorly permeable drugs were primarily eliminated unchanged in the urine or bile. 17 BDDCS demonstrated that simple passive membrane permeability measures were highly selective in differentiating extensively vs. poorly metabolized drugs in humans. Drugs in the BDDCS are classified according to the membrane permeability rate and aqueous solubility. These characteristics have helped BDDCS define whether metabolic enzymes and/or transporters are clinically important. BDDCS features are demarcated by high and low values, classifying drugs into four categories. These classes are each associated with specific predictions regarding route of elimination and which interactions may be a clinical concern. 13 Here we provide a review on the extent to which BDDCS defining characteristics, independent of knowing actual drug pharmacokinetics/pharmacodynamics and dose, can be used as a comparison baseline matrix of potential DILI adverse events with prior published predictive proposals. 13, 15, 16 We review the clinical impact of BDDCS in evaluating the severity of DILI warnings in drug labels approved by the Food and Drug Administration (FDA), 18 the withdrawal status due to adverse drug reactions (ADRs), the role of BSEP inhibition, maximum daily dosages prescribed, and in vitro toxicology assays applied to cover various mechanisms and toxicity endpoints associated with human DILI. 15 
Assessment of the BDDCS classification on FDA drug labels associated with DILI hepatic liability
In our previous work, we reported the BDDCS class relationship of hepatotoxicity between the different ADR categories by calculating the proportion of drugs in each FDA hepatic liability category, and each DILI severity category. 15 As depicted in Fig. 1A , we observe that as the hepatic warning severity increases, the proportion of BDDCS Class 2 drugs increases and the proportions of both BDDCS Class 1 and 3 drugs decrease, all with highly significant trends. The "No mention" category is significantly different from all other categories, except for "Adverse Reactions." BDDCS Class 2 drugs exhibited the highest proportions in the following drug label sections: "Warning and Precautions" (45.6%, 36/79), "Boxed Warning" (47.2%, 17/36), "Withdrawn" (62.5%, 25/40) and "Discontinued" (83.3%, 5/6). Obviously, the number of drugs designated as exhibiting severe DILI increases as the ADR severity increases. That is, 15.9% (7/44) in the "Adverse Reactions" category, 36.7% (29/79) in the "Warning and Precautions" and 81.6% (31/38) of the drugs in the "Black Box Warning" are assessed to exhibit severe DILI. 15 In Fig. 1B and C, the two BDDCS determinants (extent of metabolism and solubility) are examined. The percentages of poorly metabolized ( Fig. 1B ) and of highly soluble (Fig. 1C ) drugs show statistically significant decreases with hepatic liability, while low solubility drugs increase significantly (Fig. 1C ) with hepatic liability. The percent of extensively metabolized drugs also increases with hepatic liability, but since almost 2/3 of "No mention" drugs are metabolized, it is apparent that extent of metabolism itself is not a discriminating parameter. Although greater extent of metabolism has been reported to significantly increase the potential of a compound to cause DILI, 19 this property alone is not able to distinguish compounds that are "No mention" of hepatic liability from those compounds exhibiting hepatic liability (see Fig. 1B ).
Our examination of the relationship between the BDDCS's determinant properties: solubility and extent of metabolism, led to some novel observations. Drugs belonging to BDDCS Class 1 and 3 exhibited a lower proportion of DILI severity. Drugs that are extensively metabolized and have low aqueous solubility, i.e., BDDCS Class 2 drugs, have the highest rates of BDDCS Class 2 drugs are shown to significantly increase the frequency of hepatic ADRs reported in the "Warnings and Precautions", "Boxed Warning", "Withdrawn" and "Discontinued" categories. There was a significant difference between BDDCS Classes when the proportionality trend test was calculated: BDDCS Class 1 trend p-value = 0.0003842; BDDCS Class 2 trend p-value = 2.014 × 10 −10 ; BDDCS Class 3 trend p-value = 0.003928; BDDCS Class 4 trend NS, p-value = 0.2963. Differences in the BDDCS Class distributions were evaluated among the following groups: "No mention" vs. "Adverse Reactions", NS, p-value = 0.2908; "No mention" vs. "Warning and Precautions", p-value = 0.0001058; "No mention" vs. "Boxed Warning", p-value = 0.0006222; "No mention" vs. "Withdrawn", p-value = 6.439 × 10 −7 ; "No mention" vs. "Discontinued", p-value = 9.36 × 10 −5 . (B) Distribution of FDA hepatic liability with respect to extensively metabolized vs. poorly metabolized drugs. The extensive hepatic metabolism group consisted of 102 BDDCS Class 1 and 99 BDDCS Class 2 drugs; the poor hepatic metabolism group consisted of 55 BDDCS Class 3 and 8 BDDCS Class 4 drugs. There was a significant difference between extensively metabolized vs. poorly metabolized drugs when the proportionality test was calculated ( p-value = 0.001536). (C). Distribution of FDA hepatic liability with respect to high solubility vs. low solubility drugs. The high solubility group consisted of 102 BDDCS Class 1 and 55 BDDCS Class 3 drugs; the low solubility group consisted of 99 BDDCS Class 2 and 8 BDDCS Class 4 drugs. There was a significant difference between high solubility vs. low solubility drugs when the proportionality test was calculated ( p-value = 3.481 × 10 −9 ).
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DILI risk. BDDCS Class 2 drugs exhibited the highest proportions among the "Warning and Precautions", "Black Box Warning", "Withdrawn" and "Discontinued" categories. These are notably considered the most serious DILI risk categories (see Fig. 1A ). These findings demonstrate the importance of intrinsic drug properties as a potential factor for the development of a DILI event. Drugs belonging to BDDCS Class 3 and 4 exhibited much lower proportions in the FDA hepatic liability (see Fig. 1A ). Moreover, BDDCS Class 3 and 4 drugs show a decreased risk of DILI related pathological events, such as liver aminotransferases increase and hyperbilirubinemia. However, we note the underrepresentation of BDDCS Class 4 drugs in the overall scheme of marketed approved drugs. Compounds with poor hepatic metabolism had been previously noted to be significantly less likely to cause hepatotoxicity. 19 Although a lack of hepatic metabolism does not assure total lack of hepatotoxicity, it indeed appears that BDDCS Class 3 and 4 drugs lead to a lower DILI severity.
Barton and co-workers 20 have previously discussed a new paradigm for navigating compound properties related to drug attrition. Optimizing the exposure of potent compounds at the desired site of action and in tissues associated with toxicity is fundamental to addressing attrition via efficacy and safety. Traditional oral drug space is well defined with respect to physicochemical properties and absorption, distribution, metabolism, excretion and toxicity (ADMET) risks but increased focus on ligand-lipophilicity efficiency, maximizing enthalpy contributions and new target classes challenge this paradigm. Barton et al. 20 propose that BDDCS Class 3 compounds should be significantly more associated with drug attrition because they tend to be transporter substrates or inhibitors. Furthermore, they suggest that compounds that are substrates for transporters as being a toxicity liability. We completely disagree with this suggestion based on our analysis of DILI potential 15 and antiepileptic drugs' cutaneous adverse events. 14 Our analysis suggests that BDDCS Class 3 compounds exhibit less toxicity potential.
Assessment of daily dosage on FDA drug labels and DILI severity
Numerous compound-and/or patient-specific risk factors can contribute to the susceptibility to DILI. IDILI has been shown to be dependent on both daily dose and extent of hepatic metabolism of a drug. 7, 19, 21, 22 Lammert and coworkers 7, 19 have attributed hepatic adverse events to compounds with significant hepatic metabolism and daily dose ≥50 mg. Formation of reactive metabolites, high covalent body burden, 23, 24 mitochondrial dysfunction (resulting in the depletion of cellular energy supply and the generation of damaging reactive oxygen species), cell damage from oxidative stress (caused by reactive oxygen or reactive nitrogen species), and local inflammatory effects. 25 All of these mechanisms are often interconnected and under various circumstances have been associated with the formation of chemically reactive metabolites.
We also previously evaluated the relationship between daily dosages ≥50 mg against the already assessed FDA hepatic liability categories and DILI severity assessment. 8 Our analysis 15 concurs with the association of drugs being given at dosages ≥50 mg day −1 having more adverse hepatic events. We have further evaluated this observation by examining the FDA hepatic liability distribution and DILI severity assessment. Drugs with a daily dose ≥50 mg had a much higher frequency of toxicity as evidenced by the higher percentages in the "Warning and Precautions", "Boxed Warning" and "Withdrawn" label sections ( Fig. 2A ). For the DILI assessment in Fig. 2B we also observe a higher frequency in DILI severity for compounds that are dosed at ≥50 mg day −1 .
Although, there is strong evidence that dosages ≥50 mg day −1 are associated with increased risk for hepatotoxicity, many drugs are safe at such dosages. For instance, the 50 mg day −1 dosage cut off would predict that 44% of "No mention" and/or "No DILI" drugs (see Fig. 2 ) exhibit "Not Safe" potential in terms of hepatotoxicity, supporting that daily dosage alone is not a reliable means of guiding the drug development process, regulatory application, and clinical practice.
BDDCS classification prior to dosing in humans
Although the finding of Uetrecht shows that idiosyncratic drug reactions were rare among individuals given drug doses <10 mg day −1 and more likely among individuals given drug doses ≥1000 mg day −1 , 26 the dose relationships can only be determined for a new molecular entity after the drug has been administered to human subjects/patients. In contrast, BDDCS class can be predicted prior to ever dosing the compounds to animals and humans as we have proposed previously. 27 Hosey and Benet 28 showed that based on in vitro permeability measurements, the positive predictive value (PPV) for prediction of extensive metabolism were all 90% or greater. And recently Dave and Morris 29 showed that they were able to correctly predict highly soluble vs. poorly soluble drugs using measured solubility parameters with greater than 85% probability.
Drug metabolism and propagation of drug hypersensitivity reactions
Drug metabolism also plays an important role in the initiation and propagation of drug hypersensitivity through the generation of neoantigens that are recognized by the cellular and humoral immune systems. 2 Although the majority of drug biotransformations occur in the liver, there is overwhelming evidence to suggest that localized drug metabolism by immune cells is critical for organ-specific reactions such as cutaneous adverse drug reactions. 2, 30, 31 These reactions are usually rare and are not typically present in animal species, but they can be serious and even fatal in humans 32, 33 and may lead to the withdrawal of otherwise effective therapeutic agents. At present, during preclinical drug evaluation there are no widely accepted methods for the identification of drugs that may cause hypersensitivity or idiosyncratic reactions. It has been demonstrated that HLA-B*15:02 is not only a genetic marker but also a key determinant in the pathophysiology of carbamazepine related Stevens-Johnson Syndrome and Toxic Epidermal Necrolysis (SJS/TEN). We have previously assessed the use of the BDDCS to distinguish antiepileptic drugs (AEDs) associated with and without cutaneous adverse events by examining in vitro the binding relationship of AEDs to HLA-B*15:02 via surface plasmon resonance and clinical patient data from extensive reviews of medical records. We also evaluated the lack of benefit from a Hong Kong population policy on the effects of screening for HLA-B*15:02 and previous incorrect structure-activity hypotheses. Our analysis concludes that BDDCS Class 2 AEDs are more prone to cause adverse cutaneous reactions than certain BDDCS Class 1 AEDs and that BDDCS Class 3 drugs have the lowest levels of cutaneous adverse reactions. We proposed that BDDCS Class 3 AEDs should be preferentially used for patients with Asian backgrounds (i.e., Han Chinese, Thai and Malaysian populations) if possible and in patients predisposed to skin rashes. 14 Alfirevic and Pirmohamed 34 and Urban et al. 35 have summarized the current state of pharmacogenomics and suggested There is a marked increase in the proportion of compounds that are dosed at ≥50 mg day −1 and have FDA drug label warnings associated with DILI adverse effects as illustrated in the "Warnings and Precautions", "Boxed Warning" and "Withdrawn" categories. (B) Daily dose ≥50 mg prediction (Safe/Not Safe) vs. FDA DILI severity assessment. Similarly, there is a marked increase in the proportion of compounds that are dosed at ≥50 mg day −1 and have some type of DILI toxicity as illustrated in the "Non-severe DILI" and "Severe DILI" categories. that although certain HLA and other differences are related to a higher susceptibility of DILI from a number of agents, the actual number of drugs identified as having these genetic risks is still quite small, and the accuracy of most polymorphisms is limited. Although significant advances in our hepatotoxicity knowledge base have been made by the DILI Network and others, 36 when it comes to identifying the specific components of DILI risk, it appears to be much more complex than just being a matter of daily dose or drug disposition. 21 
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Statistical tests of DILI predictivity
Most frequently statistical measures of the performance of binary classification tests are reported as Sensitivity and Specificity. We believe that DILI predictivity deserves a more stipulated analysis. In bringing a new molecular entity (NME) to market, predictive statistical measures for DILI should address (a) how good is the metric in correctly identifying compounds that should be avoided in terms of any further experimental work early in drug development? And (b) what are the chances that an NME showing few preclinical predictors of DILI, will in fact elicit DILI after the company has spent considerable time and money in bringing the drug to market? We believe that the "a" question is best evaluated by the positive predicted value (PPV), the percentage of positive predictions of DILI that actually cause DILI (i.e., True Positive divided by the sum of True Positive and False Positive). If the PPV value for a DILI metric is very high, companies will correctly suspend development of DILI causing compounds very early in the process, and there is only a small chance that a compound not causing DILI will be discarded. We prefer this PPV measure to Specificity (i.e., True Negative divided by the sum of True Negative and False Positive) since we believe PPV more correctly addresses the early issue of stopping development, where Specificity relates to final outcome.
The "b" question is best evaluated by the false negative rate (FNR), the percentage of NMEs that a sponsor takes through extensive and expensive human studies and the regulatory approval process, where DILI manifests after the drug goes on the market. A good DILI predictive metric should show a low FNR (calculated as False Negative divided by False Negative + True Positive). Note the FNR percentage is just 100 minus the Sensitivity percentage. We also list the accuracy (ACC) of the various methods in our tabular comparisons (i.e., Total Positive + Total Negative divided by number of compounds tested). A high PPV metric saves money early in the process by not pursuing compounds highly suspected to cause DILI, but a low FNR metric is probably more important, potentially avoiding very large sunk costs and human suffering after considerable work.
Comparison of in vitro mechanism based toxicity endpoints
Although, a number of compound-specific liability factors have been linked with DILI susceptibility, it is difficult to understand which risk factors are more important in patient-specific responses and/or environmental stimuli. One approach followed by many research groups is to assess and reduce some of the more common, drug-specific factors in a set of targeted in vitro assays. The most common mechanisms covered in in vitro high throughput screening assays include reactive metabolite formation and covalent binding, 37, 38 inhibition of drug transporters involved in hepatobiliary elimination of bile acids and other metabolic endogenous products (BSEP, MRPs), 5,39 mitochondrial toxicity 40 and different cellular toxicity assays covering the formation of drugmetabolites. 6, [41] [42] [43] [44] Various approaches are used in the pharmaceutical industry for hazard identification and risk assessment of reactive metabolites and more integrated strategies that include measures of the initial mechanism of toxicity have been highlighted in our analysis.
We have previously performed a comparison of the different predictive metrics in the various assays measuring key mechanisms of toxicity endpoints associated with DILI from the Schadt et al. data set. 43 The toxicity endpoints were monitored in a panel consisting of assays assessing the generation of reactive metabolites tested via GSH adduct formation, P450 3A4 time-dependent inhibition (TDI), BSEP inhibition, mitochondrial toxicity and cytotoxicity. In the Schadt et al. data set of 120 marketed compounds, 14 compounds had not been BDDCS classified. Our analysis is depicted in Table 1 . (ESI Table S1 † includes Sensitivity and Specificity statistical analyses.) The assays that performed the best were GSH adduct formation and BSEP inhibition. We noted that although the positive predictive value (PPV) for these measurements were somewhat better than for BDDCS Class 2 classification, the false negative rate (FNR) for these measures was much greater than BDDCS Class 2, so that in terms of accuracy (ACC), the GSH and BSEP assays were no better than just avoiding BDDCS Class 2 drugs. When GSH and BSEP assays were combined with BDDCS Class 2, again higher PPV values are obtained, but because FNR also increased, ACC is not better than just avoiding BDDCS Class 2 drugs. A slightly higher ACC is 
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obtained when all of the mechanisms of toxicity endpoints are confirmed, due to the low FNR. However, having a PPV of only 65.1% does not give much confidence. We have observed better predictability values for the correlation with MRP3 and MRP4 inhibition, with MRP3 or MRP4 inhibitors giving the best predictability. 16 The basolateral efflux transporters, MRP3 and MPR4, play a minor role in bile acid efflux under normal conditions, but they are up-regulated under cholestatic conditions to compensate for impaired biliary excretion. Thus, impaired function of MRP3 and MRP4 by drugs, or genetic polymorphisms resulting in reduced-function variants may result in accumulation of toxic bile acids in hepatocytes. 45 But further studies are needed in order to investigate whether this could be a biomarker of value for DILI screening. Although there may be some general trends between simple physical parameters, it is unlikely that such considerations could accurately predict risk. This problem could potentially be alleviated by the new in vitro approaches in physiological test systems with model hepatotoxins and utilization of state of the art instrumentation currently being evaluated encompassing chemical and biological factors associated with hepatotoxicity earlier in drug development, as well as the commercial emergence of long-enduring primary hepatocyte-based cultures. 15, 46, 47 
Assessment of BDDCS classification on BSEP inhibition and DILI risk
The accumulation of bile acids within hepatocytes is thought to be a primary mechanism for the development of DILI, although as we show with the Schadt et al. data, this is not confirmed. Inhibition of the bile salt export pump (BSEP) by a drug has been implicated as a risk factor for a drug's potential to cause DILI. However, few reports indicate that drug-induced BSEP dysfunction actually leads to hepatotoxicity, and the relationship between drug-induced BSEP dysfunction and liver injury risk is yet to be determined. Recently, the International Transporter Consortium has highlighted BSEP as one of the emerging transporters that need to be considered when evaluating drug safety. However, the practical utility of this approach still needs to be further evaluated. We analyzed further data encompassing the relationship between a compound's ability to inhibit BSEP function in vitro and cause liver injury in humans in vivo using a compilation of published DILI datasets that have screened for BSEP inhibitors, other hepatic transporters and other mechanism based toxicity endpoints such as the mitochondrial toxicity assay. 6, 43, 48, 49 We evaluated the information provided by using BDDCS in order to understand the inhibition propensity of BSEP. Our results demonstrate that there is little support for in vitro BSEP inhibition being usefully DILI predictive. Rather we show that the most potent BSEP inhibitors are BDDCS Class 2 drugs, which we have demonstrated previously is the BDDCS class most likely to be DILI related. 16 When BSEP inhibition data by Pedersen et al. 50 were correlated with the Chen DILI Assessment, 51 we observed no discernible pattern 16 (see Fig. 3A ). For the BDDCS classification, we observe that the great majority of strong BSEP inhibitors are BDDCS Class 2 drugs, with concomitant decreases in the percentages of BDDCS class 1 and 3 drugs as BSEP inhibition increases, as depicted by Fig. 3B . These results along with our analyses of other datasets, 16 show that in vitro measures of BSEP inhibition by small molecules is not a strong susceptibility factor. It is unclear as to what extent BSEP inhibition is functionally significant in vivo. Furthermore, our analyses demonstrate that the great majority of compounds that have been associated with DILI and show strong BSEP inhibition potential in vitro are also BDDCS Class 2 drugs. Because we are able to make similar predictions based on BDDCS determinant characteristics, this leads us to discount the predictive ability of in vitro BSEP inhibition for DILI. We have previously observed that as hepatic warning severity increases, the proportion of BDDCS Class 2 drugs increases and the proportions of both BDDCS Class 1 and 3 drugs decrease. 15 We conclude that previous analyses predicting that BSEP inhibition leads to DILI may have been confounded by the observation that most BSEP inhibitors are BDDCS Class 2 drugs, which show a high prevalence for DILI. 16 Aleo et al. 6 suggest that mitochondrial toxicity together with BSEP inhibition may provide improved DILI predictability. When we analyzed the predictability of BSEP inhibition together with mitochondrial toxicity, we observe that BDDCS class 2 characterization shows comparable results. 16 This is further confirmed in the Schadt et al. data set where we show in Table 1 that combining BSEP inhibition and mitotoxicity yields a very high FNR and no improvement in ACC. Thus, we believe that neither BSEP inhibition nor mitochondrial toxicity are useful independent or combined predictors of DILI.
Studies with long-enduring metabolically competent hepatocyte co-cultures
Many of the deficiencies of the high-throughput DILI screens employed by the pharmaceutical industry based on in vitro measures of hepatocyte toxicity theoretically can be overcome with long-enduring metabolically competent hepatocyte co-cultures. The long-enduring status has the potential to allow formation of active metabolites and/or accumulation of intracellular toxic substances in hepatocytes due to inhibition of relevant efflux transporters, as well as giving sufficient time for the hepatotoxicity to manifest. A December 2017 study 47 describes results for 19 identified drugs (12 known to exhibit clinical DILI and 7 that were negative), where measures of TC 50 /C max were obtained in human hepatocyte mono-cultures after 1 day and co-cultures after 1, 7 and 14 days. The results compared to BDDCS classification are summarized in Table 2 .
None of the seven DILI negative drugs ( propranolol, rosiglitazone, diphenhydramine, isoproterenol, kanamycin, macitentan and primidone) gave a positive reading; therefore, all PPV values were 100%. The two clinical DILI drugs (bicalutamide and tacrine) that gave no positive readings under any conditions exhibited decreased TC 50 /C max values with time but did not reach toxic readings. It is interesting to note that BDDCS Class 2 categorization approached the day 1 accuracy values, as seen in the comparisons in Table 2 and our more extensive analyses. 15, 16 As we have noted previously, [14] [15] [16] publication of toxicity predictors concentrate in achieving high PPV rates. In contrast, in drug development what is critical to the industry in terms of cost and effort is a predictive metric with a low FNR. In Table 2 we also list the results for our analysis using the criteria of clinical dose ≤50 mg as proposed by Lammert et al., 7 which yielded the lowest FNR of all the data sets we analyzed, 15, 16 for the 19 drugs investigated by Novik et al. 47 and the Chen et al. 8 DILI data set for BDDCS classifiable drugs. However, it must be remembered that BDDCS classification and the co-culture analysis reported by Novik et al. 47 can occur very early in drug development, certainly before knowledge of the clinical dose and C max is obtained. The downside to the Novik et al. 47 analysis, based on the ratio of TC 50 to C max , and the criteria of clinical dose ≤50 mg is that these values will not be known early in drug development. 
View Article Online
Yet, even with this limitation, we are encouraged that an additional predictive measure of DILI (in terms of time of incubation) is available. We suspect that if the highly positive results reported by Novik et al. 47 for 19 drugs can be confirmed in further studies of many more therapeutic agents, this information will be of great value to drug sponsors and regulators in evaluating Phase 3 results and NDA applications. Furthermore, we expect that positive results from long-enduring hepatocytes in predicting DILI may be combined with advances utilizing in silico predictors of pharmacokinetics and translation of in vitro measures of effective concentrations employing novel biomarker systems facilitating future DILI hypothesis measures that can be shown to be superior to the BDDCS classification as demonstrated in Table 2 .
Studies with 3D spherical human liver microtissues (hLiMT) and 2D primary human hepatocytes (PHH) 3D Spherical Human Liver Microtissues (hLiMT) have emerged as promising tools to assess mechanisms of hepatotoxicity, as they demonstrate enhanced liver phenotype, metabolic activity, and stability in culture not attainable with conventional 2D hepatic models. hLiMT are made up of primary hepatocytes and non-parenchymal cells that can be used for repeat-dose long term treatment. Proctor and co-workers investigated the cytotoxicity of 110 marketed drugs in 3D Spherical Human Liver Microtissues (hLiMT) and in 2D primary hepatocytes (PHH) from the same human donor. 52 To complement our analysis, we performed a BDDCS classification and evaluated the prediction of these two metaboliccompetent hepatocyte cultures on the 100 drugs (of the 110) that had been BDDCS classified. Proctor et al. 52 evaluated various thresholds of IC 50 among 10, 25, 50 and 100 μM in terms of DILI predictivity as well as margin of safety measures (IC 50 /C max ) at the same thresholds for the 3D hLiMT and 2D PHH analyses. In Table 3 we reproduce here the results for the 100 μM threshold for the 100 BDDCS classified compounds using drug-induced cytotoxicity as an endpoint since this threshold exhibited the highest accuracy (the results for all four thresholds together with Sensitivity and Specificity values are given ESI Table S2 † for all 110 compounds and in Table S3 † for the 100 BDDCS classified compounds). The 3D hLiMT 14 day measures yield lower FNR percentages and higher ACC than the 2D PHH 2 day measures and BDDCS class 2 assignment. However, as seen in Table 3 , the best differentiating measurement to predict DILI toxicity is seen for C max > 1.3 μM, a parameter that will be influenced by dose size. Although, Proctor and co-workers conclude that the hLiMT demonstrate sufficient capability to warrant exploratory liver injury biomarker investigation, we remain skeptical about the usage of the hLiMT to screen for DILI given that we did not see that any of the proposed criteria had a better prediction than C max > 1.3 μM in this large, 100 drug dataset.
Why are BDDCS Class 2 drugs more toxic than BDDCS Class 1 drugs?
Several studies have also shown a correlation of total administered dose alone or in combination with drug lipophilicity with higher risk of DILI. However, as we show in Fig. 2 and in our discussion above, dose alone is not able to accurately discriminate all drugs causing DILI. Chen et al. 8 proposed a Rule of 2 where PPV for DILI was very high when considering drugs with c log P ≥ 3.0 (calculated lipid water partition coefficient) and dose >100 mg. However, we have shown that the Rule of 2 was slightly less accurate than just BDDCS Class 2 assignment. 15 But, using the Lammert et al. 7 cutoff of dose >50 mg being more likely to cause DILI, we note that from our compilation of the highest approved dose strength, 53 54% of Class 2 drugs exceed 50 mg, while only 33% of Class 1 drugs do so. Highly lipophilic drugs are cleared by the liver and generally require biotransformation to be eliminated. The parameter c log P may simply be a surrogate for extensive biotransformation and hepatic exposure to a reactive metabolite. If c log P could differentiate DILI potential, we would see equal chances of BDDCS Class 1 and 2 drugs leading to DILI toxicity. As seen in Fig. 1 , BDDCS Class 2 compounds predominate among the most severe hepatic toxicities. We also observe a clear differentiation between BDDCS Class 2 and 1 in terms of DILI predictability in Table 1 . Furthermore, in our previous analysis, 15 we have observed that PPV for c log P ≥ 3 alone is fairly low (76.1% and ACC is 52.3%). Therefore, we do not believe extensive metabolism is an adequate DILI predictor.
A major finding in the development of the BDDCS was the recognition that BDDCS Class 1 drugs, i.e. extensively metabolized, highly permeable, highly soluble, may be shown in vitro to be substrates of both uptake and efflux transporters, but that effects of transporters on BDDCS Class 1 drugs are essentially clinically insignificant in the liver and intestine, as well as the brain. Thus, the unbound concentrations of BDDCS Class 1 drugs in the systemic circulation will reflect unbound concentrations in the liver as well as in the rest of the body, since it is transporters that lead to differences in unbound concentrations in different organs. According to BDDCS 53, 54 approximately 40% of marketed drugs (i.e., those that are Class 1) will still follow the equivalent free drug concentration hypothesis. However, this will not be true for BDDCS Classes 2, 3 and 4 drugs where transporter effects may lead to different unbound concentrations in the liver and throughout the body. That is, Class 1 drugs will follow the long held assumption in deriving pharmacologic/toxicologic relationships that free drug concentrations are the same throughout the body. But this assumption in pharmacology was made prior to any recognition of the importance of drug transporters in controlling permeability.
It is important to recognize that the compounds evaluated here are drugs that reach the market where sponsors were able to convince the regulatory agencies based on in vitro and preclinical animal studies that toxicity potential, particularly DILI, would be manageable or at least acceptable when the drugs reached the market and were taken by large patient populations as compared to those limited number of patients studied during drug development. Thus, according to our hypothesis, drug company sponsors in their preclinical and clinical studies of Class 1 drugs would be able to reasonably predict drug concentrations in the liver and throughout the body. In contrast, for BDDCS Class 2 drugs, where metabolism is the significant process of elimination, drug concentration measurements in the systemic circulation for these compounds both in the preclinical and clinical studies may poorly predict what concentrations are present in the liver and in other organs of the body. And since it is obvious that DILI occurs more frequently with metabolized drugs, studies in drug development with Class 2 drugs would be poorer predictors of toxicity potential due to the challenges to estimate intracellular concentrations and metabolic processes. Thus, the prevalence of DILI with BDDCS Class 2 drugs could just be circumstantial in that sponsors would be unable to properly evaluate hepatic toxicity for these compounds in designing their clinical studies. This problem could potentially be alleviated by new in vitro approaches and utilization of state of the art instrumentation currently being evaluated.
Conclusions
The application of the BDDCS methodology can help evaluate the potential validity of risk assessment hypotheses. The BDDCS Class 2 susceptibility factor yields similar and in a number of cases better accuracy than the DILI predictive potential biomarkers of other methodologies. Since there is no mechanistic basis for BDDCS Class 2 drugs being most DILI related, if an alternate hypothesis is no more predictive than BDDCS Class assignment, we maintain that the alternate hypothesis is not sufficiently predictive, nor a mechanistic valid hypothesis. As seen in Fig. 1 , the BDDCS Class 2 versus Class 1 differentiation only becomes evident with the most severe hepatic toxicities, and then only a 2 : 1 differentiation between BDDCS Class 2 versus Class 1 is found. Lammert et al.'s 19 assertion that extensive metabolized compounds are at higher risk of developing DILI can be much improved by differentiating BDDCS Class 2 from BDDCS Class 1 drugs. Daily dosage ≥50 mg alone can only depict a clear relationship with dose with compounds that have been previously associated with DILI, but very limited predictability in differentiating compounds with "No DILI" assignment. There is a general acceptance that BSEP inhibition is a source of toxicity. However, according to our analysis of DILI this is not true for in vitro measures of BSEP inhibition. What we find is that most DILI occurs with BDDCS Class 2 compounds and almost all BSEP substrates and inhibitors are Class 2 compounds, but we observe no relationship between the strength of in vitro BSEP inhibition and toxicity, which makes us believe that the generally held hypothesis is incorrect.
Our review of the BDDCS analysis alongside other DILI toxicity potential biomarkers show that none of the current in vitro methodologies are sufficiently accurate and effective in allowing early identification of new molecular entities that will be DILI free. The comparison of proposed DILI predictive methodology with BDDCS assignment offers a useful tool by which new DILI predictive hypotheses can be evaluated. Thus, we are encouraged by the apparent increased sensitivity, as compared to BDDCS Class 2, for long-enduring metabolically competent hepatocyte co-cultures. Furthermore, using BDDCS classification and finding that a compound is Class 2, one would recognize that priority should be given to more aggressively investigate its DILI potential in mechanistic DILI assays. Some DILI risk factors can be mitigated during the drug design/development process to identify drugs with better chemical attributes with reduced potential to cause human DILI. Hopefully, development of mechanism based toxicity endpoints, such as those previously proposed by Chen et al. 51 and Schadt et al., 43 as discussed above, will improve future predictability.
Our review of this work has clearly pointed out that many of the published "predictive DILI" hypotheses do no better than just avoiding BDDCS Class 2 drugs. We propose that comparison of predictive DILI hypotheses with BDDCS class assignment is a useful exercise in determining the relevance of predictive metrics. The results presented herein illustrate how BDDCS can be applied to better understand clinically observed hepatotoxicity and aid in the DILI risk assessment of new molecular entities. 
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